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Abstract
We consider a deformation of three dimensional BF theory by means of the antifield
BRST formalism. Possible deformations for the action and the gauge symmetries are
analyzed. We find a new class of gauge theories which include nonabelian BF theory,
higher dimensional nonlinear gauge theory and topological membrane theory.
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1 Introduction
The nonlinear gauge theory in two dimension are proposed in [1]. It is one of Schwarz type
(or BF type) topological field theory[2] and has the gauge symmetry which generalize the
usual nonabelian gauge symmetry. This theory was independently analyzed by Schaller and
Strobl[3] by the Hamilton formalism.
This theory has some applications. One of them is two dimensional dilaton gravity[1][4].
Recently, it is related to the string theory and a star product deformation theory. Cattaneo
and Felder[5] have considered this theory on two dimensional disk. They obtained the path
integral representation for the a star product on the Poisson manifold which was introduced
by Kontsevich in [6]. The star product structure in the open string theory with non-zero
background Neveu-Schwarz B-field appears essentially at the same mechanism[7].
Izawa[8] has recently analyzed the nonlinear gauge theory from the viewpoint of a defor-
mation of the gauge symmetry[9]. He found that two dimensional nonlinear gauge theory is
the unique consistent deformation of two dimensional abelian BF theory. He also found a
higher dimensional nonlinear gauge theory.
In this paper, we make a similar analysis in a higher dimension, in three dimension,
and find deformations of the abelian BF theory†, which give new nontrivial extensions of the
nonabelian gauge symmetry and nonlinear gauge symmetry. We find all deformations with
a Lie algebra structure in three dimension. It includes a higher dimensional nonlinear gauge
theory proposed in [8].
The key in nonlinear gauge theory is the nonlinear gauge symmetry δNL on the fields:
δNLφa = Wbaǫ
b, δNLh
a = dǫa +
∂Wbc
∂φa
hbǫc, (1)
where a, b, etc. are Lie algebra indices (or the target space indices). φa is a scalar field, h
a
is a one-form gauge field and Wab(φ) = −Wba(φ) is an arbitrary function of φa. Wab(φ) must
satisfy the following identities:
∂Wab
∂φd
Wcd +
∂Wbc
∂φd
Wad +
∂Wca
∂φd
Wbd = 0, (2)
†Dayi have analyzed a deformation of the BF theories in a special case in [10].
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in order for (1) to be a symmetry of the theory. This Eq.(2) is just the Jacobi identity if the
following commutation relation holds:
[φa, φb] = Wab(φ). (3)
The commutation relation on the left hand side is realized as the Poisson bracket of the
coordinates φa and φb on the Poisson manifold[3]. That is, Wab in (3) define the Poisson
structure.
In two dimension, the action possessing the gauge symmetry (1) is uniquely given by
S =
∫
L, L = hadφa +
1
2
Wabh
ahb. (4)
This paper is organized as follows. In section 2, we consider a deformations of three
dimensional BF theory by means of antifield BRST formalism and construct a deformed new
gauge theory. In section 3, we discuss the relations with the known theories.
2 A Deformation of Three Dimensional BF Theory
In three dimension, abelian BF theory has the following action:
S0 =
∫
(Aa ∧ dφa +Ba ∧ dh
a), (5)
where φa is a 0-form ’adjoint’ scalar field, h
a and Ba are a 1-form and A
a is a 2-form gauge
field. Indices a, b, c, etc. represent algebra indices. We can consider the more general term
Aa ∧ g(φ)a
bdφb in the action, where g(φ)a
b is a function of φa and similar one for the B, h
term. Then if we redefine Aa as
Aa′ = (g−1)ab(φ)A
b, (6)
we can obtain Aa′ ∧ dφb. It is similar for the B, h term.
It has the following abelian gauge symmetry:
δ0φa = 0, δ0h
a = dc1
a, δ0c1
a = 0,
δ0Ba = dc2a, δ0c2a = 0,
δ0A
a = dc3
a, δ0c3
a = dva, δ0v
a = 0, (7)
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where c1
a, c2a are 0-form gauge parameters and c3
a is a 1-form gauge parameter. Since Aa is
2-form, we need a ’ghost for ghost’ 0-form va.
In order to analyze the theory by the antifield BRST formalism, first we take c1
a, c2a and
c3
a to be the Grassmann odd FP ghosts with ghost number one, and va to be a the Grassmann
even ghost with ghost number two. Next we introduce antifields for all fields. Let Φ∗ denote
the antifields for the field Φ. The Batalin-Vilkovisky action which includes the antifields is
given by
SBF = S0 + S1,
S1 =
∫
(h∗a ∧ dc1
a +B∗a ∧ dc2a + A
∗
a ∧ dc3
a + c∗3a ∧ dv
a). (8)
From this, the relations deg(Φ∗) + deg(Φ) = 3 and gh(Φ∗) + gh(Φ) = −1 are required, where
we define deg(Φ) and deg(Φ∗) as the form degrees of the fields Φ and Φ∗ and gh(Φ) and
gh(Φ∗) as the ghost numbers. The BRST transformation can then be defined by
δ0Φ = (Φ, SBF), δ0Φ
∗ = (Φ∗, SBF), (9)
where (·, ·) is the antibracket
(A,B) ≡
A
←
δ
δΦ
~δB
δΦ∗
−
A
←
δ
δΦ∗
~δB
δΦ
, (10)
for any field A and B. This transformation reproduces the gauge transformation (7) for the
fields. Indeed the BRST transformation are obtained from (8) and (9) are given as follows:
δ0φa = 0, δ0h
a = dc1
a,
δ0Ba = dc2a,
δ0A
a = dc3
a, δ0c3
a = dva,
δ0φ
∗
a = dA
a, δ0h
∗
a = −dBa, δ0A
∗
a = −dφa,
δ0B
∗a = −dha, δ0c
∗
1a = −dh
∗
a, δ0c
∗
2
a = −dB∗a,
δ0c
∗
3a = dA
∗
a, δ0v
∗a = dc∗3a,
δ0Φ = δ0Φ
∗ = 0, for otherwise. (11)
In the following table, we show the form degrees and the ghost numbers for all the fields.
3
The column and row correspond to the form degree and the ghost number, respectively.
0 1 2 3
−3 v∗a
−2 c∗3a c
∗
1a, c
∗
2
a
−1 A∗a B
∗a, h∗a φ∗a
0 φa h
a, Ba A
a
1 c1
a, c2a c3
a
2 va
Let us consider a deformation to the action SBF perturbatively,
S = SBF + gS2 + g
2S3 + · · · = S0 + S1 + gS2 + g
2S3 + · · · , (12)
where g is a coupling constant. The total BRST transformation is deformed to
δΦ = (Φ, S), δΦ∗ = (Φ∗, S). (13)
In order for the deformed BRST transformation δ to be nilpotent, the total action S has to
satisfy the following master equation:
(S, S) = 0. (14)
Substituting (12) to (14), we obtain
(S, S) = (SBF, SBF) + 2g(S2, SBF) + g
2[(S2, S2) + 2(S3, SBF)] +O(g
3) = 0. (15)
We solve this equation order by order. δ0SBF = (SBF, SBF) = 0 from the definition. At the
first order of g in the Eq. (15),
δ0S2 = (S2, SBF) = 0, (16)
is required. S2 is given by the Lagrangian:
S2 =
∫
a3, (17)
where a3 must be a 3-form. A deformation of the Lagrangian a3 should obey the following
descent equations:
δ0a3 + da2 = 0,
δ0a2 + da1 = 0,
δ0a1 + da0 = 0,
δ0a0 = 0, (18)
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where a0 is a 0-form with the ghost number 3. where δ0 cohomology on S is defind up to the
terms proportional to the equations of motion. Because their terms can be eliminated by the
field redefinitions and these are trivial deformations[9].
Since δ0a0 = 0, it should have the form
a0 = −f1ab(φ)v
ac1
b − f2a
b(φ)vac2b
−
1
6
f3abc(φ)c1
ac1
bc1
c −
1
2
f4ab
c(φ)c1
ac1
bc2c
−
1
2
f5a
bc(φ)c1
ac2bc2c −
1
6
f6
abc(φ)c2ac2bc2c, (19)
up to the BRST trivial terms. f1ab, f2a
b, f3abc, f4ab
c, f5a
bc and f6
abc are functions of φa to be
fixed later. f4ab
c = −f4ba
c, f5a
bc = −f5a
cb, and f3abc and f
abc
6 are completely antisymmetric
with respect to a, b, c. Here there are not the metric dependent terms such as fab(φ)∂
µva∂µc1
b
in (19). Because these terms are proportional to the equations of motion and trivial in
cohomology.
Solving (18) using (11), a3 is obtained as follows:
a3 = −
1
6
∂3f1ab
∂φc∂φd∂φe
A∗eA
∗
dA
∗
cv
ac1
b +
∂2f1ab
∂φc∂φd
(
−c∗3dA
∗
cv
acb1 +
1
2
A∗dA
∗
cc3
ac1
b
−
1
2
A∗dA
∗
cv
ahb
)
+
∂f1ab
∂φc
(v∗cv
ac1
b + c∗3cc3
ac1
b − c∗3cv
ahb + A∗cA
ac1
b + A∗cc3
ahb −A∗cv
aB∗b)
+f1ab(−φ
∗ac1
b + Aahb + c3
aB∗b + vac∗2
b)
−
1
6
∂3f2a
b
∂φc∂φd∂φe
A∗eA
∗
dA
∗
cv
ac2b +
∂2f2a
b
∂φc∂φd
(
−c∗3dA
∗
cv
ac2b +
1
2
A∗dA
∗
cc3
ac2b −
1
2
A∗dA
∗
cv
aBb
)
+
∂f2a
b
∂φc
(v∗cv
ac2b + c
∗
3cc3
ac2b − c
∗
3cv
aBb + A
∗
cA
ac2b + A
∗
cc3
aBb −A
∗
cv
ah∗b)
+f2a
b(−φ∗ac2b + A
aBb + c3
ah∗b + v
ac∗1b)
−
1
36
∂3f3abc
∂φd∂φe∂φf
A∗fA
∗
eA
∗
dc1
ac1
bc1
c +
∂2f3abc
∂φd∂φe
(
−
1
6
c∗3eA
∗
dc1
ac1
bc1
c −
1
4
A∗eA
∗
dh
ac1
bc1
c
)
+
∂f3abc
∂φd
(
1
6
v∗dc1
ac1
bc1
c −
1
2
c∗3dh
ac1
bc1
c −
1
2
A∗dB
∗ac1
bc1
c +
1
2
A∗dh
ahbc1
c
)
+f3abc
(
1
2
c∗2
ac1
bc1
c +B∗ahbc1
c +
1
6
hahbhc
)
−
1
12
∂3f4ab
c
∂φd∂φe∂φf
A∗fA
∗
eA
∗
dc1
ac1
bc2c
+
∂2f4ab
c
∂φd∂φe
(
−
1
2
c∗3eA
∗
dc1
ac1
bc2c −
1
2
A∗eA
∗
dh
ac1
bc2c −
1
4
A∗eA
∗
dc1
ac1
bBc
)
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+
∂f4ab
c
∂φd
(
1
2
v∗dc1
ac1
bc2c − c
∗
3dh
ac1
bc2c −
1
2
c∗3dc1
ac1
bBc − A
∗
dB
∗ac1
bc2c
+
1
2
A∗dh
ahbc2c −A
∗
dh
ac1
bBc −
1
2
A∗dc1
ac1
bh∗c
)
+f4ab
c
(
c∗2
ac1
bc2c + B
∗ahbc2c − B
∗ac1
bBc +
1
2
hahbBc − h
ac1
bh∗c +
1
2
c1
ac1
bc∗1c
)
−
1
12
∂3f5a
bc
∂φd∂φe∂φf
A∗fA
∗
eA
∗
dc1
ac2bc2c
+
∂2f5a
bc
∂φd∂φe
(
−
1
2
c∗3eA
∗
dc1
ac2bc2c −
1
4
A∗eA
∗
dh
ac2bc2c +
1
2
A∗eA
∗
dc1
aBbc2c
)
+
∂f5a
bc
∂φd
(
1
2
v∗dc1
ac2bc2c −
1
2
c∗3dh
ac2bc2c + c
∗
3dc1
aBbc2c −
1
2
A∗dB
∗ac2bc2c + A
∗
dh
aBbc2c
−A∗dc1
ah∗bc2c +
1
2
A∗dc1
aBbBc
)
+f5a
bc
(
1
2
c∗2
ac2bc2c +B
∗aBbc2c − h
ah∗bc2c +
1
2
haBbBc − c1
ac∗1bc2c − c1
ah∗bBc
)
−
1
36
∂3f6
abc
∂φd∂φe∂φf
A∗fA
∗
eA
∗
dc2ac2bc2c +
∂2f6
abc
∂φd∂φe
(
−
1
6
c∗3eA
∗
dc2ac2bc2c −
1
4
A∗eA
∗
dBac2bc2c
)
+
∂f6
abc
∂φd
(
1
6
v∗dc2ac2bc2c −
1
2
c∗3dBac2bc2c −
1
2
A∗dh
∗
ac2bc2c +
1
2
A∗dBaBbc2c
)
+f6
abc
(
1
2
c∗1ac2bc2c + h
∗
aBbc2c +
1
6
BaBbBc
)
, (20)
where the BRST trivial terms are dropped since their terms do not deform the BRST trans-
formation. At the second order of g,
(S2, S2) + 2(S3, SBF) = 0, (21)
is required. We cannot construct nontrivial S3 which satisfies (21) from the integration of the
local Lagrangian. Therefore if we assume the locality of the action, we find Si = 0 for i ≥ 3.
Then the condition (21) reduces to
(S2, S2) = 0. (22)
This imposes the following conditions on the above equations fi, i = 1, · · · , 6:
f1aef2b
e + f2a
ef1be = 0, (23)
∂f1ac
∂φe
f1eb −
∂f1ab
∂φe
f1ec + f1aef4bc
e + f2a
ef3ebc = 0, (24)
−f1eb
∂f2a
c
∂φe
+ f2e
c∂f1ab
∂φe
+ f1aef5b
ec − f2a
ef4eb
c = 0, (25)
6
f2e
[b∂f2a
c]
∂φe
+ f1aef
ebc
6 + f2a
ef5e
bc = 0, (26)
f1e[b
∂f4cd]
a
∂φe
− f2e
a∂f3bcd
∂φe
+ f4e[b
af4cd]
e + f3e[bcf5d]
ae = 0, (27)
f1e[b
∂f5c]
ad
∂φe
+ f2e
[a∂f4bc
d]
∂φe
+ f3ebcf6
ead + f4e[b
[df5c]
a]e + f4bc
ef5e
ad = 0, (28)
f1eb
∂f6
acd
∂φe
− f2e
[a∂f5b
cd]
∂φe
+ f4eb
[af6
cd]e + f5e
[acf5b
d]e = 0, (29)
f2e
[a∂f6
bcd]
∂φe
+ f6
e[abf5e
cd] = 0, (30)
f1e[a
∂f3bcd]
∂φe
+ f4[ab
ef3cd]e = 0, (31)
where [· · ·] represents the antisymmetrization for the indices. For example, Φ[ab] = Φab − Φba
Now we have obtained possible deformation of three dimensional BF theory. The deformed
Lagrangian is (20) and fi’s satisfy identities (23) – (31). The concrete transformation on each
field is listed in the appendix. We set g = 1 in the later part of the paper.
If we set all antifields Φ∗ = 0 in (17), we obtain the usual classical action. we can write
down it explicitly as
S =
∫
L,
L = Aa ∧ dφa +Ba ∧ dh
a + f1abA
ahb + f2a
bAaBb
+
1
6
f3abch
ahbhc +
1
2
f4ab
chahbBc +
1
2
f5a
bchaBbBc +
1
6
f6
abcBaBbBc. (32)
There is a global symmetry φ→ φ+ constant in (5). However generally the deformed action
(32) does not have such symmetry.
The equations of motion of this theory are
dφa + f1abh
b + f2a
bBb = 0,
dha + f2b
aAb +
1
2
f4bc
ahbhc − f5b
achbBc +
1
2
f6
abcBbBc = 0,
dBa + f1baA
b +
1
2
f3abch
bhc + f4ab
chbBc +
1
2
f5a
bcBbBc = 0,
−dAa +
∂f1bc
∂φa
Abhc +
∂f2b
c
∂φa
AbBc +
1
6
∂f3bcd
∂φa
hbhchd
+
1
2
∂f4bc
d
∂φa
hbhcBd +
1
2
∂f5b
cd
∂φa
hbBcBd +
1
6
∂f6
bcd
∂φa
BbBcBd = 0. (33)
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The BRST transformation δ on each field is calculated to be:
δφa = −f1abc1
b − f2a
bc2b,
δha = dc1
a + f4bc
ahbc1
c + f5b
acc1
bBc
−f5b
achbc2c + f6
abcBbc2c − f2b
ac3
b,
δBa = +f3abch
bc1
c − f4ab
cc1
bBc
+dc2a + f4ab
chbc2c + f5a
bcBbc2c − f1bac3
b.
δAa =
∂f1bc
∂φa
Abc1
c +
1
2
∂f3bcd
∂φa
hbhcc1
d −
∂f4bc
d
∂φa
hbc1
cBd +
1
2
∂f5b
cd
∂φa
c1
bBcBd
+
∂f2b
c
∂φa
Abc2c +
1
2
∂f4bc
d
∂φa
hbhcc2d +
∂f5b
cd
∂φa
hbBcc2d +
1
2
∂f6
bcd
∂φa
BbBcc2d
+dc3
a +
∂f1bc
∂φa
c3
bhc +
∂f2b
c
∂φa
c3
bBc. (34)
We have obtained the above BRST transformation systematically by the antifield BRST
formalism. Therefore (34) is the complete set of the BRST, that is, the gauge transformation.
Generally, (34) is nilpotent only on shell. That is, the algebra of the symmetry is an open
algebra.
We now consider the gauge symmetry algebra to understand the role of fi’s simply. We
replace the ghost fields c1
a, c2a and c3
a to gauge parameters ǫ1
a, ǫ2a and ǫ3
a. Then we obtain
the usual gauge transformation. We decompose the gauge symmetry as
δ = ǫ1
aδ1a + ǫ2aδ2
a + ǫ3
aδ3a. (35)
Then the commutation relations of the algebra generators δ1a, δ2
a and δ3a are derived from
(34) and (33) as follows:
[δ1a, δ1b] ≈ f4ab
cδ1c + f3abcδ2
c
−
(
∂f3abd
∂φc
hd +
∂f4ab
d
∂φc
Bd
)
δ3c,
[δ1a, δ2
b] ≈ f5a
bcδ1c − f4ac
bδ2
c +
(
∂f4ad
b
∂φc
hd −
∂f5a
bd
∂φc
Bd
)
δ3c,
[δ2
a, δ2
b] ≈ f6
abcδ1c + f5c
abδ2
c
−
(
∂f5d
ab
∂φc
hd +
∂fabd6
∂φc
Bd
)
δ3c,
[δ1a, δ3b] ≈ −
∂f1ba
∂φc
δ3c,
[δ2
a, δ3b] ≈ −
∂f2b
a
∂φc
δ3c,
[δ3a, δ3b] ≈ 0. (36)
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Here, ≈ means that the identities are satisfied only on shell, that is, up to the equations
of motion. From (36), fi’s are thus seen to give the ’structure constants’ in this algebra,
although they actually depend on φa. Moreover we can see that the conditions (23) – (31)
are nothing but the algebra closing conditions and the Jacobi identities on this Lie algebra.
3 Relations to the Known 3D Theories
3.1 Nonabelian Gauge Symmetry
First we consider a simple case. Let only f4ab
c be nonzero among six fi’s and be a constant.
Then the conditions from (23) to (31) reduce to the following one:
f4e[d
af4bc]
e = 0, (37)
This is nothing but the identity for structure constants of a Lie algebra. Then we find that ha
has well known nonabelian gauge symmetry in (34), and the complete gauge transformation
of the theory is obtained from (34) by setting f4ab
c a constant and the other fi zero.
3.2 Nonlinear Gauge Theory
Let Wab be an arbitrary a, b antisymmetric function of φa. We take f1ab = Wab, f4ab
c = ∂Wab
∂φc
and other fi = 0. Then (23) – (31) reduce to (2):
∂Wab
∂φd
Wcd +
∂Wbc
∂φd
Wad +
∂Wca
∂φd
Wbd = 0, (38)
and the action (32) coincides with the higher dimensional nonlinear gauge theory[8]. Moreover
(34) give us the complete gauge transformation on this theory.
3.3 Chern-Simons-Witten Gravity
Let us take f4ab
c = ǫab
c, fabc6 = Λǫ
abc and other fi = 0, where ǫ
abc is three dimensional
completely antisymmetric tensor and Λ is a constant. Then (23) – (31) are trivially satisfied.
We rewrite ωa ≡ ha, ea ≡ Ba for clarity. Then the action (32) becomes
L = Aa ∧ dφa + ea ∧ dω
a +
1
2
ǫab
cωaωbec +
Λ
6
ǫabceaebec. (39)
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Aa and φa completely decouple from the other fields. The remaining terms with ea and ω
a are
the Chern-Simons-Witten gravity action with a cosmological constant Λ[11]. We find that ea
is a dreibein and ωa is a spin connection. The gauge transformation (34) reduces to
δφa = 0,
δωa = dc1
a + ǫbc
aωbc1
c + Λǫabcebc2c,
δea = −ǫab
cc1
bec + dc2a + ǫab
cωbc2c
δAa = dc3
a. (40)
The transformation of ωa and ea are the gauge transformation founded in [11].
This theory also has the following the general coordinate and local Lorentz symmetry:
δGφa = −u
λ∂λφa,
δGω
a = −duλωλ
a − uλ∂λω
a − dsa − ǫbc
aωbsc,
δGea = −du
λeλ
a
− uλ∂λea − ǫab
csbec,
δGA
a = −
1
2
dxµ ∧ dxν(∂µu
λAνλ
a + ∂νu
λAµλ
a + uλ∂λAµν
a), (41)
where ea = dx
µeµa, ω
a = dxµωµ
a, Aa = 1
2
dxµ ∧ dxνAµν
a. uµ and sa are the general coordinate
and local Lorentz transformation parameters. We note that (40) and (41) are redundant
gauge transformations. If we turn on f1 or f2, we can modify the action (39) and couple A
a
and φa with ω
a and ea. However it is an unusual coupling and generally the general coordinate
and local Lorentz symmetry of ωa and ea in (41) break down. Thus we cannot interpret ω
a
and ea as the spin connection and the dreibein in this case.
3.4 Two-brane
Two dimensional nonlinear gauge theory (4) has been related to the string theory. If there is
the inverse of Wab, we can integrate h
a out, and then, Then we obtain
L = −
1
2
(W−1)abdφadφb. (42)
This is the Neveu-Schwarz B-field part of the string world sheet action.
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M-theory contains a two dimensional extended object. Its world volume action is three
dimensional field theory. When there is a nonzero 3-from Cabc, its bosonic part is written as
S = −T
(∫
d3x
√
det(−gµν) +
1
3!
∫
Cabcdφadφbdφc,
)
, (43)
where gµν = ∂µφa∂νφbη
ab.
Now we consider 3-form field Cabc part in the world volume action, which is
S =
T
3!
∫
Cabcdφadφbdφc, (44)
where Cabc can generally depend on φa. This action can be rewritten to the first order form
by introducing auxiliary fields ηa and A
a[12]:
SBSZ =
∫ (
Aa ∧ (dφa − ηa) +
T
3!
Cabcηaηbηc
)
, (45)
where ηa is a 1-from and A
a is 2-form. If we redefine ηa as
ηa ≡ −Wabh
b, (46)
then (45) becomes
SBSZ =
∫ (
Aa ∧ (dφa +Wabh
b)−
T
3!
CabcWadWbeWcfh
dhehf
)
. (47)
Eq. (47) can be obtained by the following procedure from our action (32). We can introduce
a coupling constant t by redefining Ba to tBa. We take the limit t −→ 0 in the action (32).
Then (32) coincide with (47) if we identify f1ab = Wab, f3abc = TWadWbeWcfC
def . The theory
at finite t has been unknown so far and is quite new one.
4 Conclusion and Discussion
We considered all possible deformations of three dimensional BF theory by the antifield
BRST formalism. It led us to a new gauge symmetry and a deformed new action, which
includes any gauge symmetry deformation with a Lie algebra structure.
This gauge symmetry give an extension of the nonlinear gauge symmetry [1], and the action
includes the three dimensional nonabelian BF theory, three dimensional Chern-Simons-Witten
gravity theory and topological two-brane theory with nonzero 3-form Cabc.
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Higher dimensional extension of our discussion is straightforward, It is interesting to in-
vestigate possible deformations of the BF theory in various dimension.
It will be possible to make the discussions analogous to Cattaneo and Felder [5], and then
this theory may be related to a star product deformation theory or its extension. It will be
also useful to examine possible relations with the M2 and M5-branes in M-theory.
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Appendix
The total BRST transformation on all fields without antifields are derived from (13) as follows:
δφa = −f1abc1
b − f2a
bc2b,
δha = dc1 −
∂f2b
a
∂φc
A∗cv
b − f2b
ac3
b +
1
2
∂f4bc
a
∂φd
A∗dc1
bc1
c + f4bc
ahbc1
c
−
∂f5b
ac
∂φd
A∗dc1
bc2c − f5b
achbc2c + f5b
acc1
bBc +
1
2
∂f6
abc
∂φd
A∗dc2bc2c + f6
abcBbc2c,
δBa = dc2a +
∂f1ba
∂φc
A∗cv
b − f1bac3
b +
1
2
∂f3abc
∂φd
A∗dc1
bc1
c + f3abch
bc1
c
+
∂f4ab
c
∂φd
A∗dc1
bc2c + f4ab
chbc2c − f4ab
cc1
bBc +
1
2
∂f5a
bc
∂φd
A∗dc2bc2c + f5a
bcBbc2c,
δAa = dc3
a −
1
2
∂3f1de
∂φa∂φb∂φc
A∗cA
∗
bv
dc1
e −
∂2f1cd
∂φa∂φb
c∗3bv
cc1
d +
∂2f1cd
∂φa∂φb
A∗bc3
cc1
d
−
∂2f1cd
∂φa∂φb
A∗bv
chd +
∂f1bc
∂φa
Abc1
c +
∂f1bc
∂φa
c3
bhc −
∂f1bc
∂φa
vbB∗c
−
1
2
∂3f2d
e
∂φa∂φb∂φc
A∗cA
∗
bv
dc2e −
∂2f2c
d
∂φa∂φb
c∗3bv
cc2d +
∂2f2c
d
∂φa∂φb
A∗bc3
cc2d
+
∂2f2c
d
∂φa∂φb
A∗bv
cBd +
∂f2b
c
∂φa
Abc2c +
∂f2b
c
∂φa
c3
bBc −
∂f2b
c
∂φa
vbh∗c
−
1
12
∂3f3def
∂φa∂φb∂φc
A∗bA
∗
cc1
dc1
ec1
f −
1
6
∂2f3cde
∂φa∂φb
c∗3bc1
cc1
dc1
e −
1
2
∂2f3cde
∂φa∂φb
A∗bh
cc1
dc1
e
−
1
2
∂f3bcd
∂φa
B∗bc1
cc1
d +
1
2
∂f3bcd
∂φa
hbhcc1
d
12
−
1
4
∂3f4de
f
∂φa∂φb∂φc
A∗bA
∗
cc1
dc1
ec2f −
1
2
∂2f4cd
e
∂φa∂φb
c∗3bc1
cc1
dc2e
−
∂2f4cd
e
∂φa∂φb
A∗bh
cc1
dc2e −
1
2
∂2f4cd
e
∂φa∂φb
A∗bc1
cc1
dBe
−
∂f4bc
d
∂φa
B∗bc1
cc2d +
1
2
∂f4bc
d
∂φa
hbhcc2d −
∂f4bc
d
∂φa
hbc1
cBd −
1
2
∂f4bc
d
∂φa
c1
bc1
ch∗d
−
1
4
∂3f5d
ef
∂φa∂φb∂φc
A∗bA
∗
cc1
dc2ec2f −
1
2
∂2f5c
de
∂φa∂φb
c∗3bc1
cc2dc2e
−
1
2
∂2f5c
de
∂φa∂φb
A∗bh
cc2dc2e +
∂2f5c
de
∂φa∂φb
A∗bc1
cBdc2e
−
1
2
∂f5b
cd
∂φa
B∗bc2cc2d +
∂f5b
cd
∂φa
hbBcc2d −
∂f5b
cd
∂φa
c1
bh∗cc2d +
1
2
∂f5b
cd
∂φa
c1
bBcBd
−
1
12
∂3f6
def
∂φa∂φb∂φc
A∗bA
∗
cc2dc2ec2f −
1
6
∂2f6
cde
∂φa∂φb
c∗3bc2cc2dc2e −
1
2
∂2f6
cde
∂φa∂φb
A∗bBcc2dc2e
−
1
2
∂f6
bcd
∂φa
h∗bc2cc2d +
1
2
∂f6
bcd
∂φa
BbBcc2d
δc1
a = f2b
avb +
1
2
f4bc
ac1
bc1
c − f5b
acc1
bc2c +
1
2
f6
abcc2bc2c,
δc2a = f1bav
b +
1
2
f3abcc1
bc1
c + f4ab
cc1
bc2c +
1
2
f5a
bcc2bc2c,
δc3
a = dva −
∂2f1cd
∂φa∂φb
A∗bv
cc1
d +
∂f1bc
∂φa
c3
bc1
c −
∂f1bc
∂φa
vbhc
−
∂2f2c
d
∂φa∂φb
A∗bv
cc2d +
∂f2b
c
∂φa
c3
bc2c −
∂f2b
c
∂φa
vbBc
−
1
6
∂2f3cde
∂φa∂φb
A∗bc1
cc1
dc1
e
−
1
2
∂f3bcd
∂φa
hbc1
cc1
d
−
1
2
∂2f4cd
e
∂φa∂φb
A∗bc1
cc1
dc2e −
∂f4bc
d
∂φa
hbc1
cc2d −
1
2
∂f4bc
d
∂φa
c1
bc1
cBd
−
1
2
∂2f5c
de
∂φa∂φb
A∗bc1
cc2dc2e −
1
2
∂f5b
cd
∂φa
hbc2cc2d +
∂f5b
cd
∂φa
c1
bBcBd
−
1
6
∂2f6
cde
∂φa∂φb
A∗bc2cc2dc2e −
1
2
∂f6
bcd
∂φa
Bbc2cc2d,
δva =
∂f1bc
∂φa
vbc1
c +
∂f2b
c
∂φa
vbc2c +
1
6
∂f3bcd
∂φa
c1
bc1
cc1
d +
1
2
∂f4bc
d
∂φa
c1
bc1
cc2d
+
1
2
∂f5b
cd
∂φa
c1
bc2cc2d +
1
6
∂f6
bcd
∂φa
c2bc2cc2d. (48)
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